ABSTRACT Constant current (CC) and constant voltage (CV) combined charging is considered as the most popular and efficient method for charging batteries. There are a lot of works done to achieve CC/CV characteristics by utilizing reconfigurable circuits for easy control but without the consideration of efficiency optimization in the CV mode. In this paper, the optimization of mutual-inductance proportion between transmitter/receiver mutual inductance and transmitter/intermediate mutual inductance of the three-coil circuit is investigated to maximize the time-weighted average efficiency (TWAE). With two switches, a section of receiver coil of the series-series (SS) circuit, which corresponds to the optimized mutualinductance proportion, can be converted into an intermediate coil of the three-coil circuit. Therefore, the system can be transferred from the CC mode to CV mode, and with the optimized mutual-inductance proportion, the efficiency in the CV mode can be improved. An experimental prototype is built to validate the feasibility of the proposed approach. In the CC (CV) mode, the impedance range is 30-108 (108-500 ), and the maximum fluctuation for current (voltage) is 3.37% (4.55%). Besides, the TWAE is 94.5% (maximum 95.3% and minimum 94.49%) for the three-coil circuit, while that of SS circuit with control is 91.54% (maximum 95.20% and minimum 85.31%). 
I. INTRODUCTION
Compared with the traditional plug-in charging, IPT, one popular mothed for battery charging, gets rid of the cables/sockets, stays away from humidity/electric shock, and makes it safe to charge biological implants, underwater systems, electric vehicles and other applications [1] - [5] . CC/CV charging mode is considered as the most efficient and popular method for charging batteries under some specific circumstances. And there are at least two commonly used approaches for CC and CV outputs: control schemes, and reconfigurable circuits. Features for these two methods are briefly explained below.
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A. USING CONTROL SCHEMES FOR CC/CV OUTPUTS [6] - [10] Utilizing DC-DC converter at the transmitter or the receiver side is a straightforward method to change output current or voltage [6] , [7] . Based on phase-shift control scheme, an active rectifier can be adjusted to regulate the output values [8] . Besides, for a four-coil system, operating with two different frequencies makes it possible to manipulate the converter as a current source or voltage source [9] . It is important to notice that most of the proposed control scheme methods depend on wireless communication between primary and secondary sides, and it is pointed out in [10] that this involves delay problem even interruption issues. Without communication, frequency variation on a series connected LC system proposed in [10] is another method to control voltage or current value. By utilizing zero-voltage switching (ZVS), power rating of the power devices in the inverter can be decreased. But the bulky control section adds weight, space and cost of the system. B. USING RECONFIGURABLE CIRCUITS FOR CC/CV OUTPUTS [11] - [17] On the other hand, for reconfigurable circuits, the resonant tank is modified by switches to output CC/CV. A dualsystem switching between series-parallel (SP) and seriesseries (SS) circuit is taken on in [11] . Alternatively, hybrid SP and parallel-parallel (PP) compensated converter in [12] can also be utilized for CC/CV. Besides, a reconfigurable S-LCC topology is adopted in [13] to regulate output mode. Furthermore, by modifying the transmitter coil structure [7] , [14] , the intermediate coil structure [15] , the receiver coil structure [16] , or a combination of them [17] , the output mode can also be altered. Zero phase angle (ZPA) is usually considered in these papers to reduce reactive power loss and improve efficiency.
It is important to note that during charging process, the variation of load resistance has adverse effect on efficiency. In CV charing process, with the reduction of required power, efficiency decreases gradually and becomes an unignorable problem. Many works have been done on this project. Generally, there are at least two commonly used methods and they are briefly illustrated below.
C. USING DC-DC CONVERTERS TO IMPROVE EFFICIENCY [18] - [21] The active maximum efficiency point tracking (MEPT) method is very popular in overcoming the load variance. One principle for maximizing efficiency is transforming the load resistance into an optimum value. Efficiency is obtained through voltage and current values acquired from sensors, the maximum efficiency point can be found by either controlling the pulse-width and phase-shift of an active rectifier [18] , or perturbing conduction angle of DC-DC converter [19] . Except emulating an equivalent load value, another principle based on series-series (SS) circuit is proposed in [20] , which focuses on optimizing input voltage to maximize efficiency. It is pointed out later in [21] that MEPT method is slow due to uncertainties of perturbation speed. Alternatively, through voltage error control method proposed in [21] , the response from controller can be faster and more accurate.
D. USING RECONFIGURABLE CIRCUIT TO IMPROVE EFFICIENCY [22] - [26] Besides DC-DC converters, using reconfigurable circuits to maximize efficiency under load varying condition is another approach. Utilizing switchable capacitor, coil, or a combination of them, the optimal efficiency range can be extended. Switchable capacitor matrix is adopted in [22] to alter the system impedance by different combination of capacitors. Under resonant frequency varying condition, an automated impedance matching system consisting of switchable capacitors is proposed in [23] , which can be used to match the resonance frequency of the resonator. Based on reconfigurable two-coil system mentioned in [24] that both transmitter and receiver sides are made up of different values of series and shunt capacitors, the transmission efficiency can be optimized while gap and misalignment changes. A series of subcoils built in the transmitter coil is employed in [25] to improve the efficiency, which involves tuning both coupling coefficient and quality factor. It is mentioned later in [26] that reconfigurable resonant circuit involves an increase in size and complexity of the circuit, but this method is still attractive if the switch number is confined to one or two.
Generally, for CC and CV outputs, reconfigurable circuit has the advantage for easy control compared with its control scheme counterpart. SS topology, which is largely adopted in IPT system, has the advantage of CC output and cost competitive. Thus, SS circuit is selected here for CC mode. Based on the principle that the mutual-inductance proportion between transmitter/receiver mutual-inductance and transmitter/intermediate mutual-inductance can affect efficiency, a three-coil circuit is built to optimize the mutual-inductance proportion and improve efficiency. Since battery charging requires CV mode as well, this three-coil circuit is elaborately designed to fulfill CV requirement. Besides, SS circuit is widely used with control scheme for CV output [6] - [8] , thus, we design a comparison experiment to compare efficiency between SS circuit and the proposed three-coil topology. For a fair comparison, SS circuit is manipulated to output the identical voltage as the three-coil system does under the same load condition.
It is worth to mention that, under resistance varying condition, TWAE proposed in [27] provides a more comprehensive assessment than traditional efficiency does, because of considering load varying condition. Thus, this principle is adopted to measure the efficiency of the proposed method. Besides, electronic load has been proved to perfectly simulate the equivalent work of batteries in many studies [13] , [16] , [17] , [28] , and will be used in our experiment. Furthermore, the proposed efficiency optimization is investigated under condition where all the other parameters are fixed, e.g., mutual-inductance between primary pad and secondary pad, coupling coefficient between intermediate coil and receiver coil, and voltage gain. It is pointed out in [15] that, lightweight electric bicycles (EBs) could be a huge potential market for this fixed mutual-coupling application, as the onboard receiver coil can be easily aligned with the stationary transmitter.
The structure of this paper is as follows. Firstly, basic equations of SS circuit and three-coil circuit are analyzed for CC/CV requirments and efficiency optimization. And for simplifying control, fixed operating frequency is adopted, communication between primary and secondary side is not required. For accurate analysis, all the inductances and coupling factors are considered. Secondly, the optimized mutualinductance proportion for maximizing TWAE is investigated. Finally, in order to prove the proposed method, an experimental prototype is built. System efficiency, charging profile, and transient waveforms are measured.
II. THEORY ANALYSIS
The proposed reconfigurable IPT system is shown in Fig.1 . With switches S 1 and S 2 both off, the topology works as an SS circuit with CC output. On the other hand, when S 1 and S 2 are both on, the system acts as a three-coil circuit with CV output, where the secondary pad splits into receiver and intermediate coils, and capacitor C 4 is not working at this mode. For simplicity, all the high-order harmonics are ignored, only the first harmonic value is considered. In the analysis below, 
Furthermore, R Leq is the equivalent resistance acting as a combination of a rectifier with DC load, and R Leq = (8/π 2 )R dc . Capacitor losses on the other hand are significantly lower and are neglected for simplicity.
A. SS TOPOLOGY ANALYSIS
Based on the Kirchhoff's Voltage Law (KVL), SS topology shown in Fig.2 can be described by(1)
where M PS is set as M PS = M 12 + M 13 . Z 1 and Z S are given in (2) . Parasite resistances are set as zero in calculating the equations of CC/CV.
where
Transfer admittance G VI is the ratio of output FIGURE 2. Equivalent SS topology as switches S1 and S2 in Fig.1 both off.   FIGURE 3 . Equivalent three-coil topology as switches S1 and S2 in Fig.1 both on.
DC current to input DC voltage. As well as the compensated capacitors (C 1 and C S ) resonate with their self-inductance (L 1 and L S ) at the chosen frequency
, G VI can be derived as (3).
B. THREE-COIL TOPOLOGY ANALYSIS
The three-coil system is shown in Fig.3 . The KVL equations are shown in (4) to illustrate the circuit, and related components are shown in (5).
Voltage gain G VV is the ratio of output to input DC voltages. With calculations from (4), G VV can be written as (6) , and component A of (6) is shown in (7) . Note that by setting A as zero, G VV can be further simplified as (8) , which is independent of load and therefore CV condition is achieved. 
C. EFFICIENCY OPTIMIZATION
For any structure, the efficiency can be given by (9), whereĪ 1 is the conjugate complex number ofİ 1 , |I 2 | is the RMS value of I 2 , and Re() represents real component. Thus, the efficiency equation for our proposed three-coil circuit can be written as (10) , as shown at the bottom of this page.
For efficiency optimization, the relationship between mutual-inductance proportion α and M 12 , M 13 , R 2 , R 3 is illustrated as (11) .
Then, G VV can be rewritten as (12) , while the requirement in (7) can be represented as (13) .
Implementing constrains of (11)- (13), the parameters can be written as (14) .
With fixed structure, values of M PS , k PS , k 23 , L 1 remain constant. Thus, system parameters are only affected by α based on (11), (13) and (14) , which makes efficiency depend on α.
Note that load resistance varies with charging time. Therefore, a time-weighted average efficiency illustrated in [27] is adopted to assess efficiency. This efficiency function for a Li-ion battery is shown in (15) . (15) where η B , η D are efficiency points of CC mode, η A and η C are start and end points of CV mode, respectively. As only CV charging process is considered for the efficiency optimization, system efficiency can be rewritten as (16) . where η 3Coil (R min ) and η 3Coil (R max ) represent the efficiency of three-coil system as load resistance equals the minimum value and maximum value in CV mode. µ A and µ c are the coefficients of efficiency at the specific points. The optimized α maximizing efficiency can be calculated by setting the derivative of efficiency equation with respect to α to be zero, as derived in (17) .
In order to find the optimized α for our experimental prototype, specifications used in our experiment as shown in Table II are chosen in illustrating the relationship between α and efficiency (where G VV = 2.24, M PS = 72.86uH, M 23 = 83.34uH , f = 85kHz), and the curves can be derived in Fig.4 . Based on Fig.4 , for fixed G VV , as α deviates the optimized value, efficiency drops drastically. Physical meaning behind can be explained by system loss caused by parasite resistance, which is derived in (18) , where x = 1, 2, 3 represent transmitter, receiver, and intermediate coil, respectively.
Current is a potential factor for power loss. With fixed input DC voltage, G VV , and load resistance, current of receiver is constant, while currents of primary and intermediate coil can be affected by α. The relationship between current and α is shown in Fig.5 , while load is set as R min . Based on Fig.5 , if deviation between α and the optimized value increases, currents flowing through transmitter and intermediate coil will boost, that causes severe rise in system loss and drastic drop in efficiency.
It is worth to mention that, besides G VV shown in Fig.6 , other parameters would also influence the optimized α, as Fig.6 shows. Note that by substituting parameter values in experiment, the optimal α value is 0.5. That means M 12 = M 13 , and this relationship will be applied in experiment to prove the feasibility of the proposed method.
III. EXPERIMENTAL VERIFICATION
The presented topologies are validated with physical measurement. ANSYS Maxwell, a magnetic simulation software, is used in this essay for coil design. AC switches (ACS) S 1 and S 2 are used to transfer topology [28] .
The coupling coils are shown in Fig. 7 , and the prototype of the reconfigurable IPT system is shown in Fig. 8 . Secondary pad, consisting of intermediate coil and receiver coil, is centered on top of primary pad. The intermediate coil is embedded in transmitter coil, which forms a very compact structure. The coil sizes are shown in Table I . Airgap, working frequency, self-inductance and mutual-inductance measured with LCR meter are shown in Table II . To avoid unnecessary losses associated with skin and proximity effects, the inductors are wound with Litz wire (0.1 * 400, 2.85mm width). Ferrite (1cm thickness) is inserted for enhancing and guiding the flux, and it is assumed that the ferrite does not saturate under normal operation. 4 MOSFETS (C2M0080120D) are implemented in inverter and 4 diodes (GP2D020A120B) are applied in rectifier. The discrete MOSFETS are controlled by an DSP which implements the digital control architecture. A digital power analyzer (PW6001 of HIOKI) is used to measure the efficiency.
According to Fig. 9 , from 30 to 500 , the whole system can keep high efficiency around 95%. For three-coil system, from 108 to 500 , efficiency ranges from 95.3% to 94.5%. While for SS topology on the other hand, efficiency decreases 9.9% (from 95.2% to 85.3%). Utilizing (16), time-weighted average efficiency for three-coil circuit is 94.5%, for SS circuit is 91.54%. Experimental results captured by power analyzer is shown in Fig. 10 .
Measured charging profile are shown in Fig. 11 . In CC mode from 30 to 108 , current ranges from 2.07A to 2.00A. In CV mode from 108 to 500 , voltage ranges from 215.71V to 234.20V. Based on Table II, the nominal values for CC and CV are 2.08A and 224V. Therefore, the maximum fluctuation for CC is 3.37%, and for CV is 4.55%. Transient waveforms from CC to CV mode are shown in Fig. 12 . The two ACSs share the same control signal, and according to Fig. 12 , CC mode can be successfully transferred to CV mode with ACSs. Waveforms of CC mode and CV mode are shown in IV, where current slightly lags behind voltage and ZVS condition is proved. This small phase angle is ignored in calculation for simplification, which brings some errors between measured and calculated values. As the voltage drop of MOSFET/diode, and the parasite resistance of VOLUME 7, 2019 capacitor/MOSFET/diode are not considered, the measured result is slight lower than calculated one.
IV. CONCLUSION
Based on the principle that mutual-inductance proportion between transmitter/intermediate coil and transmitter/ receiver coil can affect the efficiency of three-coil system, an efficiency optimization method is proposed. Given experimental parameter values, efficiency curve is derived, and the mutual-inductance proportion maximizing the efficiency is found. Time-weighted average efficiency is adopted to assess the system efficiency. Utilizing the optimized mutual-inductance proportion in the experimental prototype, efficiency keeps around 95% with slight variance. Experimental results of CC/CV values are proved to be very close to theoretical ones. Furthermore, the system is capable for ZVS during the whole load region (30 to 500 ) to lower the power rating of power switches.
